The Yangtze Estuary is one of the most eutrophic coastal areas in the world. The engagement of heterotrophic nitrification bacteria in the simultaneous removal of organic carbon and ammonium in the Yangtze estuarine sediment was investigated. The specific nitrification rate in the selective autotrophic nitrification inhibition treatment was about 25% of that in the control without autotrophic nitrification inhibition, suggesting that heterotrophic nitrification, in addition to autotrophic nitrification, was an important nitrification process in the sediment. The increase of heterotrophic nitrification can offset the decrease in autotrophic nitrification, which subsequently leads to the high tolerance of nitrification to the organic carbon. The number of heterotrophic nitrification bacteria was 7.1 Â 10 7 MPN g À1 in sediment
Introduction
Ammonium can cause increased oxygen demand and eutrophication in rivers and lakes, which makes it an important contaminant in various environments (Rittmann and McCarty, 2001) . As the biological oxidation of ammonium to nitrite and nitrate, nitrification has been proven to be an effective method for ammonium removal (Rittmann and McCarty, 2001) . In most cases, ammonium often coexists with organic contaminants. However, nitrification is the most sensitive part in the biological nutrient removal process, with the autotrophic nitrifying biomass being approximately 10x more sensitive to organic contaminants than its aerobic heterotrophic counterpart (Juliastuti et al., 2003) . Nitrification may be severely inhibited by these coexisting organic contaminants since the nitrification process is catalyzed by autotrophic bacteria (Strauss and Lamberti, 2000) . A previous study showed that ammonia oxidation could be totally inhibited by glucose (>30 mg C L À1 ) in aquatic sediments (Strauss and Lamberti, 2000) .
Nitrification is generally thought to be performed by a suite of autotrophic bacteria including Nitrosomonas, Nitrosovibrio, Nitrosolobus, Nitrosospira, and Nitrobacter (Rittmann and McCarty, 2001) . The most commonly recognized ammonium-oxidizing nitrifiers are Nitrosomonas, Nitrosovibrio, Nitrosolobus, and Nitrosospira (Bernhard and Bollmann, 2010; Elizondo-Patrone et al., 2015; Vetterli et al., 2015) . Although these bacteria can also further oxidize nitrite into nitrate, Nitrobacter is the most widely known genus of the nitrite oxidizers. Being autotrophs, these nitrifiers are obligate chemolithotrophs that obtain energy from oxidation of ammonia (Bock et al., 1986) . In addition to autotrophic nitrifers, heterotrophic microorganisms may also perform nitrification (Schimel et al., 1984; Pedersen et al., 1999; Kim et al., 2005) . Bacteria capable of heterotrophic nitrification have been studied as potential microorganisms that may be used to overcome problems inherent in conventional methods (Joo et al., 2005) . Previous studies have directly addressed the relative importance of autotrophic and heterotrophic nitrification in soil (Schimel et al., 1984; Pedersen et al., 1999) . Schimel et al. (1984) showed that the potential for heterotrophic nitrification in forest soil was greater than that for autotrophic nitrification by adding acetylene as the specific inhibitor of autotrophic nitrification into the slurry. Acetylene is a well known inhibitor of nitrification that acts specifically on ammonium-oxidizers and does not inhibit heterotrophic nitrification processes (Hynes and Knowles, 1982; Schimel et al., 1984; Dore and Karl, 1996; Bateman and Baggs, 2005) . Pedersen et al. (1999) found that heterotrophic nitrification was the dominant mode of nitrification in young and mature forested sites, while autotrophic nitrification was the most important mode in clear cut areas. Many studies have suggested that heterotrophic nitrification could be important in soil or sediment that contains plenty of organic carbon (Schimel et al., 1984; Miller and Cooney, 1994; Pedersen et al., 1999; Islam et al., 2007) . Miller and Cooney (1994) evaluated the effect of butyltin on the heterotrophic nitrifying bacteria from surficial estuarine sediments. The Yangtze Estuary is one of the most eutrophic coastal areas in the world (Wang, 2006; Xu et al., 2013 Xu et al., , 2015 Lin et al., 2016) but little information is available on the occurrence and importance of heterotrophic nitrification in the sediment in this area.
Bacterial heterotrophic nitrification has tended to be underestimated in many cases. A preliminary study showed that nitrification in aquaculture pond sediment, which could simultaneously remove organic substrate and ammonium, had high tolerance to organic carbon. The nitrification process was not significantly inhibited when the organic carbon loading was relatively high, which is beyond our expectation based on traditional nitrification theory. The current study examined the engagement of heterotrophic nitrification bacteria in the simultaneous removal of organic carbon and ammonium in the Yangtze estuarine sediment and evaluated the functional role of heterotrophic nitrifiers. The objective of this study was to obtain theoretical information on simultaneous removal of organic carbon and ammonium by heterotrophic nitrifying bacteria in the Yangtze estuarine sediment.
Materials and methods

Chemicals, reagents, sediment and medium
High-purity Milli-Q water was produced in a MilliQ Plus system (Millipore, USA). All other reagents obtained from Fisher Scientific (Pittsburgh, PA, USA) were of reagent grade. Sediment samples were collected near the southern side of Yangtze estuary in August, 2015 ( Fig. 1) , with the detailed location information of (31 28 0 N, 121 23 0 E) and (31 17 0 N, 121 43 0 E) for S-1 and S-2, respectively. Surficial sediment samples were collected from the upper 10 cm of the sediment layer. Glass jars were filled with sediment, sealed, transported to the laboratory, and stored at 4 C until used. The pH of the sediments samples ranged from 7.82 to 8.47 (Table 1) . Concentrations of total organic carbon (TOC) ranged from 6.96 to 4.43 g kg À1 while those of total nitrogen (TN) 5.77 to 3.37 g kg
À1
. The basic composition of the medium used in the nitrification test was as follows:
. Organic carbon (glucose) and ammonium (NH 4 Cl) added into the medium to investigate the nitrification and organic carbon removal. Trace salts were also amended into the medium according to Somsamak et al. (2001) and the pH was adjusted to 7 using 1 M HCl.
Sediment-slurry incubation experiment
To investigate the simultaneous removal of organic carbon and ammonium in the sediment, initial concentrations of ammonium-N in all treatments were 40 mg L À1 while those of the total organic carbon (TOC) were 80 mg L
À1
. Sediment was centrifuged at 4000 rpm for 10 min, washed twice with nitrification medium, and suspended in the same medium at approximately 10.0 g L À1 of MLSS (mixed liquid suspended solid). Incubations were conducted in 1 L serum bottles sealed with rubber septa. The incubation (100 mL) was flushed with high purity oxygen for about 15 min and the head space of the bottles was oxygen. Incubations were performed at 25 C and 120 rpm in darkness. The assay was completed within a short period (6 h) to avoid the disturbance of nitrogen anabolism due to the growth and reproduction of bacteria. Samples were collected after the treatment for the analysis. All experiments were performed in triplicate. Sterile controls were autoclaved three times on consecutive days before the biodegradation test. A control without organic carbon was also included. Samples were collected after the treatment for the analysis.
To determine the occurrence of heterotrophic nitrification, a specific inhibitor for autotrophic nitrification (acetylene) (Hynes and Knowles, 1982; Schimel et al., 1984; Dore and Karl, 1996; Bateman and Baggs, 2005) was injected into the incubation systems at a concentration of 0.01% (v/v) following Bateman and Baggs (2005) . At the end of the experiment, samples collected from treatments without autotrophic nitrification inhibitor were used for determining the specific nitrification rate; while samples from all the treatments in which the autotrophic nitrification was totally inhibited using selective autotrophic nitrification inhibitor were used to determine the specific heterotrophic nitrification rate. The specific autotrophic nitrification rate was determined using the specific nitrification rate minus the specific heterotrophic nitrification rate.
To investigate the effect of organic carbon concentration on the heterotrophic and autotrophic nitrification, organic carbon (glucose) (40, 80, 120, and 160 mg TOC L
) was added into the inorganic media to simulate different organic loadings. A control without organic carbon was also included. Initial concentration of ammonium N was 40 mg L À1 .
Enumeration of heterotrophic and autotrophic bacteria in the sediment
Nitrification bacteria enumeration was performed according to Papen and von Berg (1998) with slightly modification. The sediment was mixed in 100 mL sterile 0.9% sodium-chloride solution at 10.0 g L À1 of MLSS. The suspension was shaken for 30 min on a rotary shaker (130 rpm) at room temperature (20 C) for desorption of bacterial cells. The suspension was allowed to settle for 1 min, before the supernatant containing the desorbed bacterial cells was decanted into 300 mL sterile Erlenmeyer flasks. A series of 10 À1 dilutions (highest dilution step: 10 À11 ) was prepared from the supernatant. From each dilution step, 5 tubes containing 9 mL heterotrophic nitrification medium or autotrophic nitrification medium were each inoculated with 1 mL of the diluted supernatant. Heterotrophic nitrifiers were assayed by the Most Probable Number (MPN) method as previously described (Papen and von Berg, 1998) . Autotrophic nitrifiers were assayed by the MPN method of Alexander and Clark (1965) .
Isolation of heterotrophic nitrifier and heterotrophic nitrification assay
Heterotrophic nitrifiers were successively isolated from the sediment by plating onto a peptone-meat extract (PM) agar that was made according to Papen and von Berg (1998) . The resulting isolates of bacteria were tested for their capability to produce nitrite or nitrate by inoculation into 10 mL sterile ammonium sulfate liquid medium. Spot tests for total oxidized-N (nitrite and nitrate) were carried out on approximately 2 mL medium using the Griess-Ilosvay method (Keeney and Nelson, 1982) . When the test was positive, 2 mL of the enrichment cultures was transferred to PM agar for further purification. This procedure was repeated several times until the isolated strain was purified. The strains were freeze-dried and stored at À80 C for future usage.
The freeze-dried strain was added to Luria-Bertani (LB) medium and cultivated at 30 C and 120 rpm in darkness. After 7 days, the , respectively. Incubations were performed in 500 mL flasks closed with cotton caps, each containing 100 mL culture medium. Incubations were performed at 25 C and 120 rpm in darkness.
Amplification of 16 S rDNA from isolated heterotrophic nitrifiers
Cells of strain UT10 or YIC-JL1 cultured on LB medium were transferred to an Eppendorf tube containing 100 mL aseptic doubledistilled water. The mixture was kept in boiling water for 5 min and then was centrifuged at 12,000 rpm for 5 min. The supernatant was directly used for amplification as template DNA. DNA fragment encoding 16S rRNA was amplified using the universal primer BSF8/ 20 and the reverse primer BSR154/20 (Devereux and Willis, 1995) . The primer sequences were 5 0 -AGAGTTTGATCCTGGCTCAG-3 0 for BSF8/20, and 5 0 -AAGGAGGTGATCCAGCCGCA-3 0 for BSR154/20. PCR amplifications were performed with a Mastercycler gradient PCR system (Eppendorf China Ltd.). The PCR solution (50 mL) consisted of 36.5 mL of sterile water (Sangon, Shanghai, China), 10 mL of 10 Â Taq buffer (Sangon, Shanghai, China), 4 mL MgCl 2 solution (25 mM), 1 mL of each primer (20 mM), 1 mL of deoxynucleotide triphosphates mixture (10 mM), 1 mL of template DNA solution, and 0.5 mL Taq polymerase (5 U$mL À1 , Sangon, Shanghai, China). The amplification reactions were performed at 94 C for 2 min, followed by 29 cycles at 94 C for 1 min, at 58 C for 1 min, and at 72 C for 2 min, with a final extension at 72 C for 10 min. PCR products were verified by electrophoresis in a 0.8% agrose gel. Fragments were cut and purified using UNIQ-10 DNA purification kits (Sangon, Shanghai, China), and then sequenced commercially (Sangon, Shanghai, China) with an ABI 3730 DNA analyzer (Applied Biosystems) using the BSF8/20 primer.
DNA sequence analysis
The 16S r DNA sequences of other strains have high similarity with the isolated heterotrophic nitrifier (strain UT10 and YIC-JL1) obtained from the Genbank database (National Central for Biotechnology Information, NCBI) (Wheeler et al., 2001 ) using the BLAST search program (Altschul et al., 1997) . To obtain the reference 16S rDNA sequences of typical autotrophic nitrifiers, model autotrophic nitrification nitrifiers were selected according to Rittmann and McCarty (2001) and their 16S rDNA sequences were retrieved from GenBank database. The 16S rDNA sequences of heterotrophic nitrifiers were aligned with reference sequences obtained from the Genbank database using CLUSTAL W program (Thompson et al., 1997) , and a phylogenetic tree was generated using the DNAMAN software 5.22 (Lynnon Biosoft, Quebec, Canada). The names of bacteria used for the phylogenetic analysis and their nucleotide sequence accession numbers were all shown in the constructed phylogenetic tree.
Analytical methods
Concentrations of TOC and TN were measured using an elementary analyzer following previous method (Hou et al., 2012; Lin et al., 2016) . All water samples were centrifuged for 15 min at 12,000 rpm before subsequent analysis. NH 4 þ was determined by spectrophotometric method (APHA, 1998) using a UV-Visible spectrophotometer (UV-2450PC, Shimadzu). Concentrations of nitrate and nitrite were measured using a MIC ion chromatograph (Metohm, Switzerland). TOC of the resulting supernatant were measured using a Shimadzu TOC-5050A total carbon analyzer. The specific nitrification rate and TOC removal rate was determined from the time course of substrate disappearance.
Results and discussion
Occurrence of heterotrophic nitrification in the Yangtze estuarine sediment
To gain evidence on the occurrence of heterotrophic nitrification in the sediment, a selective inhibitor (acetylene) that affects autotrophic nitrifiers (Hynes and Knowles, 1982; Schimel et al., 1984; Dore and Karl, 1996; Bateman and Baggs, 2005 ) was used to evaluate the importance of heterotrophic nitrification in the nitrification in Yangtze estuarine sediment. The specific nitrification rate of the S-1 sediment decreased from 0.27 ± 0.03 mg N g À1 MLSS h À1 to 0.07 ± 0.02 mg N g À1 MLSS h À1 when acetylene was added (Table 2 ). The specific nitrification rate of the S-2 sediment decreased from 0.20 ± 0.04 mg N g À1 MLSS h À1 to 0.04 ± 0.02 mg N g À1 MLSS h À1 when acetylene was added. The specific nitrification rate in the selective autotrophic nitrification inhibition treatment is about 25% of that in the control without autotrophic nitrification inhibition, suggesting that heterotrophic nitrification, in addition to autotrophic nitrification, is an important nitrification process in sediment. Many studies have shown the occurrence of heterotrophic nitrification in various environments where the organic carbon content is relatively high (Schimel et al., 1984; Pedersen et al., 1999; Islam et al., 2007) .
Bacterial population of autotrophic and heterotrophic nitrifiers in the Yangtze estuarine sediment
To gain direct evidence that not only autotrophic nitrifiers but also heterotrophic nitrifiers were participating in the nitrification process in the sediment, heterotrophic and autotrophic nitrifier populations in the sediment was monitored. Both heterotrophic nitrification bacteria and autotrophic bacteria were detected in the sediment, confirming that both heterotrophic and autotrophic bacteria evolved into the nitrification process (Table 3 ). In the S-1 sediment, the number of heterotrophic nitrification bacteria was 7.1 Â 10 7 MPN g À1 in sediment while that of autotrophic Table 2 Effect of autotrophic nitrification inhibitor (acetylene) on the specific nitrification rate of Yangtze estuarine sediment.
Yangtze estuarine sediment Nitrification rate without autotrophic nitrification inhibitor (mg N g À1 MLSS h . In the S-2 sediment, the number of heterotrophic nitrification bacteria was 3.3 Â 10 7 MPN g À1 in sediment while that of autotrophic nitrification bacteria was 2.8 Â 10 8 MPN g
À1
. The presence of heterotrophic nitrifiers subsequently leads to the increase in the contribution of heterotrophic bacteria on the nitrification in the Yangtze estuarine sediment.
Effect of organic carbon concentration on the heterotrophic and autotrophic nitrification
The specific nitrification rate ranges from 0.69 ± 0.05 mg N g
À1
MLSS h
À1 to 1.02 ± 0.06 mg N g
showing the high tolerance of the nitrification process to organic carbon in the sediment (Fig. 2) . Nitrification may be severely inhibited by the co-presence of organic carbon because the nitrification process is usually catalyzed by autotrophic bacteria (Strauss and Lamberti, 2000) . For this reason, autotrophic nitrification rate sharply decreased when the initial TOC concentration increased from 0 mg L À1 to 160 mg L
À1
. However, heterotrophic nitrification was enhanced by the increase in organic carbon concentration. The specific heterotrophic nitrification rates increased from 0.01 ± 0.00 to 0.09 ± 0.01 mg N g À1 MLSS h À1 when the organic carbon concentration increased from 0 to 120 mg L
, while those of autotrophic nitrification decreased from 0.20 ± 0.01 to 0.14 ± 0.01 mg N g À1 MLSS h
. The increase of heterotrophic nitrification can offset the decrease in autotrophic nitrification, which subsequently leads to the high tolerance of nitrification to the organic carbon. The specific nitrification rates increased from 0.20 ± 0.02 to 0.25 ± 0.02 mg N g À1 MLSS h À1 when the organic carbon concentration increased from 0 to 80 mg L
. The oxidation of organic carbon can provide energy and carbon for the heterotrophic nitrifiers (Schimel et al., 1984; Pedersen et al., 1999; Joo et al., 2005; Kim et al., 2005) , which subsequently promotes the oxidation of ammonium in the Yangtze estuarine sediment.
The specific TOC removal rates increased from 0 to 1.6 ± 0.06 mg C g À1 MLSS h À1 when the organic carbon concentration increased from 0 to 160 mg L
. The increase in organic carbon loading leads to the increase in organic carbon removal, which subsequently enhances the heterotrophic nitrification. It must be pointed out that heterotrophic nitrification is also inhibited when organic carbon concentration is relatively high (>120 mg L À1 ). The increased organic carbon can compete with ammonium for oxygen, which subsequently leads to the substrate inhibition of heterotrophic nitrification by organic carbon.
Isolation of heterophic nitrifiers from Yangtze estuarine sediment
Isolation of heterotrophic nitrification bacteria was performed to gain direct evidence on the engagement of heterotrophic nitrifiers in the nitrification process in the sediment. In this experiment, strain YIC-JL1 and UT10 with relatively strong heterotrophic nitrification ability were subsequently isolated. Most of the organic carbon and ammonium (>96.0%) was simultaneously removed within 80 h, demonstrating the occurrence of heterotrophic nitrification in strain YIC-JL1 and strain UT10 (Fig. 3) . The 16S rDNA of strain YIC-JL1 has high similarity (>99.5%) with that of many heterotrophic strains in the genus Serratia while that of strain UT10 has high similarity (>99.5%) with that of heterotrophic strain in the genus Bacillus. In previous study, both Serratia and Bacillus with high heterotrophic nitrifying ability were isolated from soil or membrane bioreactor sludge (Kim et al., 2005; Lu et al., 2008 Lu et al., , 2014 . The successful isolation of heterotrophic nitrifiers from the Yangtze estuarine sediment further confirms the wide engagement of heterotrophic bacteria in the nitrification process in various environments.
The results of the molecular analysis experiments also show the difference between the isolated heterotrophic nitrifiers and common autotrophic nitrifiers. Culture independent molecular tools based on 16S rDNA have been developed to characterize the autotrophic ammonia-oxidizing bacteria from different environments and high similarities of partial 16S rDNA sequences of autotrophic ammonia oxidizers have been observed (Voytek and Ward, 1995; Stephen et al., 1996; Bothe et al., 2000) . Based on this, the polygenetic analysis was performed to understand the relationship between isolated heterotrophic nitrifiers and the typical autotrophic nitrifiers. The commonly recognized genera of bacteria that carry out autotrophic nitrification are Nitrosomonas, Nitrosovibrio, Nitrosolobus, Nitrosospira, and Nitrobacter (Rittmann and McCarty, 2001 ). The results show that the isolated nitrifier from Yangtze estuarine sediment has no affiliation with any of the autotrophic nitrifiers (Fig. 4) . Their closely related strains are known as heterotrophic bacteria. These results confirm the engagement of heterotrophs, in addition to autotrophs, in the nitrification in the Yangtze estuarine sediment.
Conclusions
This study demonstrates the engagement of heterotrophic nitrifiers in nitrification in the Yangtze estuarine sediment. Nitrification in the sediment was catalyzed by both autotrophic and heterotrophic nitrifiers. High nitrification rates can be maintained at high organic carbon level due to functional redundancy in nitrification in the Yangtze estuarine sediment. The increase of heterotrophic nitrification can offset the decrease in autotrophic nitrification, which subsequently leads to the high tolerance of nitrification to organic carbon. Since organic carbon usually coexists with ammonium, these findings have significant environmental implications in terms of the simultaneous removal of these contaminants in estuarine sediment.
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